renewable and, hence, sustainable fiber -has been extensively used in traditional textiles for centuries, its utilization in nonwoven fabrics has been minimal (∼ 2%); however, its global use in traditional apparel and household textiles (towels, sheeting, and so on) has never been surpassed by any other fiber (Gordon and Hsieh, 2007) . One main reason for cotton possessing such long and popular utilizations in apparel and household textiles relates to its excellent absorbency power. Thus far, when compared to cotton's excellent absorbency and dissipation of absorbed moisture under normal use,
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no synthetic or manufactured fiber can provide the desired "comfort index" (Rousselle et al., 2005) .
Because cotton, especially greige/virgin fiber, must be pre-cleaned of foreign matter (such as the plant debris, bark, leaves, seed-coat fragments, and so on) and possibly scoured and bleached (to remove the fiber's own non-cellulosic matter such as, waxes, sugars and pigments), modern manufacturers cannot afford to produce cottoncontaining nonwovens (Sawhney and Condon, 2008) . The nonwovens manufacturing plants typically do not have the required cotton cleaning equipment and technical expertise. Furthermore, the scouring and bleaching of raw cotton fiber for nonwovens is costly, environmentally-sensitive, and cumbersome.
To be competitive in the sustainable, green market, some nonwovens manufacturing companies are using bleached, cotton comber noils. Combing is a textile production process for producing premium quality cotton yarns and fabrics by eliminating the presence of undesirable short fibers. The cotton combing process generates a waste of about 10 to 14% (by weight) in the form of cotton comber noils (short fibers) that are very clean and sell at less than 1 / 4 the price of a classical virgin cotton (that still needs to be cleaned before it can be efficiently used in a typical nonwovens manufacturing plant). Since the nonwovens manufacturing industry generally uses the comber noils in blends with certain manufactured fibers that are white, it is customary to scour and bleach the cotton comber noils to remove the constituent fiber's natural non-cellulosic impurities and pigments. The scouring and bleaching of cotton comber noils, besides removing the said impurities and even some fine cellulosic foreign matter, also bleaches (and thus hides) any remaining cellulosic foreign matter. However, the process of scouring and bleaching cotton is costly, sometimes equivalent to the purchase price of classical, virgin/raw greige (non-bleached) cotton. In fact, the scouring and bleaching of cotton not only increases cost of the supplied raw material and tend to deter use of cotton in nonwovens, they also adversely affect performance of the bleached fiber in the carding process. To improve the overall competiveness of cotton utilization in nonwovens, a new approach to using a far less expensive, greige (non-bleached) cotton (comber noils) was investigated in the development of cotton-rich (or even 100% cotton) nonwoven fabrics. Accordingly, a study to use greige, cotton comber noils in the development of an hydroentangled cotton nonwoven fabric of ∼140 g/m 2 density (for certain function-specific end-use applications) was conducted.
Materials and methods
One hundred percent (100%) greige/nonbleached cotton comber noils were obtained (Table 1 ) and processed into a continuous web, using a 12-inch Rando Opener and Rando Webber (air-laid system for forming fiber batt). The web was rolled in paper and transported to a Fleissner hydroentanglement line (Fig. 1) at the center. The web was hydroentangled into a nonwoven fabric of ∼140 g/m 2 density using 1) pre-wet-out water pressure of 50 Bar at the first head impacting top face of the web/batt; 2) high water pressure of 125 Bar at the second head, also impacting on the top face of the fabric, and 3) high water pressure of 125 Bar at the third head that impacted the fabric on its under-face (back). Based on previous research (Sawhney et al., 2010) , the high water pressure of 125 Bar was intentionally chosen to remove the fiber's hydrophobic content. The fabric was dried continuously using a Fleissner in-line hot-air dryer.
One meter of the hydroentangled fabric was bleached only (without the traditional scouring) on a Mathis Jet Dyeing machine. The bleaching solution was a standard hydrogen peroxide formulation ( Table 2 ). The liquor-to-fabric ratio was 44:1. The bleaching temperature was 95°C, and the bleaching time duration of one hour. Table 1 shows fiber properties of the greige comber noils and of the typical/regular cotton, as measured by the Uster AFIS. As expected, the noils' mean fiber length was only 0.35 inches (∼0.9 cm), because about 82% of the fiber population was shorter than 1 / 2 inch as compared to ∼1 inch for a regular, virgin/greige fiber. However, since the fiber had been processed through traditional cotton cleaning equipment and carded before the combing process, the short fibers removed by the combing process (noils) were much cleaner than the virgin/greige cotton. Table 2 , as stated previously, lists a typical standard bleaching formulation. However, the use of only 1% sodium hydroxide was to raise the pH of the solution for efficient bleaching. Generally, for scouring a greige cotton fabric, 2 to 4% of sodium hydroxide (owf) is used for approximately one hour. The physical and mechanical properties of the three nonwoven fabrics: 1) greige fabric made with greige cotton comber noils; 2) bleached fabric made with greige cotton comber noils; 3) greige fabric made with a regular greige cotton lint may be seen in The mechanical properties of all the fabrics are within industrially acceptable ranges; however, the tensile and tear strengths of the bleached cotton comber noils fabric are slightly lower than those of the greige cotton comber noils fabric and the regular cotton greige fabric. These results occurred due to the effect of bleaching. This experimental exercise revealed that the water absorbency of hydroentangled cotton fabrics depended not only on the hydraulic energy input from the various jet heads (water pressure and the production rate), but also on the fabric density. For example, the cotton comber noils greige fabric of ∼150 g/m 2 density took about 24 seconds to fully "absorb" the water drop, while the regular cotton greige fabric of ∼115 g/m 2 density took only a second to absorb the drop. In each case, the hydro-processing conditions remained constant. It may be noted here that cotton, being a natural plant/fiber, varies considerably in its various quality parameters, including its hydrophobic (wax) content on the fiber's outer wall/surface. In other words, because of different cultivars of the greige cotton (noils and lint) and since their wax contents were not investigated in this study, it is possible that the greige comber noils and the greige regular cotton specimens might have had somewhat different amounts of waxes. This also could have contributed to the absorbency-time values stated above and in Table 3 . Previous research investigations have found that the high hydraulic pressure-induced energy imparted to a greige cotton substrate removes (wholly or partly, depending on several factors including the fiber quality and the hydroentangling metrics) the cotton's hydrophobic foreign matters (e.g., waxes) that typically are removed by the traditional scouring process. The scouring process is timeconsuming and cumbersome and involves costly and environmentally-sensitive chemicals. As seen from the data in Table 3 , the bleaching of the greige cotton comber noils fabric, without the traditional scouring, has rendered the fabric fully absorbent. This characteristic may be desired or required for certain function-specific applications.
Results and discussion
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Conclusion
This study has shown that greige (non-bleached) cotton comber noils can be efficiently processed into nonwoven fabrics by use of certain optimum metrics and conditions of the hydroentangling process. Furthermore, if the bleaching of the fabric thus produced is required for certain specific enduse applications, it, too, can be cost effective by eliminating the traditional process of scouring. The cotton nonwovens research conducted at the USDASouthern Regional Research Center in New Orleans has repeatedly shown that the hydroentanglement of cotton at certain specific process conditions can (almost) totally remove the fiber's natural noncellulosic content (hydrophobic hydrocarbons) without the traditional Hui and Ou, 2008 , expensive, environmentally-sensitive, time-consuming, and cumbersome process of scouring that, like bleaching, also involves use of costly and sensitive chemicals. Further studies and research investigations of hydroentangling greige non-bleached cottons of significantly different quality metrics and versions, including cotton wastes and byproducts, are underway to expand the knowledge base and utilization of processes for greige cotton in nonwoven products.
